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Beta-decay spectroscopyThe KEK Isotope Separation System (KISS) has been constructed at RIKEN to study the b-decay properties
of neutron-rich isotopes with neutron numbers around N = 126 for application to astrophysics. A key
component of KISS is a gas cell filled with argon gas at a pressure of 50 kPa to stop and collect the unsta-
ble nuclei, where the isotopes of interest will be selectively ionized using laser resonance ionization. We
have performed off-line tests to study the basic properties of the gas cell and of KISS using nickel and iron
filaments placed in the gas cell.
 2013 Elsevier B.V. All rights reserved.1. Introduction ionization technique to select nuclei with specific atomic numbersThe beta-decay properties of nuclei with N = 126, which act as
progenitors in the r-process path forming the third peak
(A  195) in the r-abundance element distribution, are considered
critical for clearly understanding the production of heavy elements
such as gold and platinum at astrophysical sites [1]. We have con-
structed the KEK Isotope Separation System (KISS) to produce pure
low-energy beams of neutron-rich isotopes around N = 126 and to
study their beta-decay properties, which are also of interest for
astrophysics [2].
We plan to produce and study 200W, 201Re, 202Os and 203Ir
(Z ¼ 74–77, N = 126) by multi-nucleon transfer (MNT) reactions
[3] between an energetically stable 136Xe beam at 10 MeV/nucleon
and a 198Pt target. The recoil energies of nuclei with N = 126 pro-
duced as target-like fragments are as low as 1 MeV/nucleon and
have a wide energy distribution. The emission angles for this recoil
reaction calculated by the GRAZING code [4] vary widely around an
average value of 65 in the laboratory frame. The first results from
experiments on this reaction are reported in Ref. [5].
The characteristics of the MNT reaction products make it diffi-
cult to collect nuclei with N = 126 using an in-flight-type electro-
magnetic spectrometer. Therefore, we employ a gas catcher to
efficiently collect all reaction products and use the laser resonanceZ from the collected nuclei, and an electromagnetic separator
(ISOL) to obtain nuclei with specific mass numbers A. This type
of gas catcher system has been developed and applied effectively
to the study of nuclear structure by the Leuven group [6–11].
We use a gas cell filled with argon gas at a pressure of 50 kPa in
conjunction with a laser resonance ionization technique for the
selective ionization of the isotopes of interest. In this paper we re-
port the results of off-line tests to investigate the performance of
the KISS gas cell.2. KISS setup
Fig. 1 shows a schematic layout of KISS, which was constructed
at the RIBF facility in RIKEN at the beginning of 2011. It consists of
a laser system, a mass-separator system, three decay measurement
stations and a gas-cell system.
The laser system consists of two frequency-tunable dye lasers
pumped by two excimer (XeCl, 308 nm) lasers and is installed in
a separate room below the KISS gas cell system. A repetition rate
of up to 200 Hz is used and the bandwidth of the dye laser is
0.15 cm1. The frequency of the first step laser is doubled using a
second harmonic generator (BBO crystal). The distance between
the laser system and the gas cell is about 15 m. In the gas cell, both
lasers overlap for resonance ionization, spatially and temporally.
The mass-separator system has a QQDQQ configuration, in
which Q and D denote quadrupole and dipole magnets, respec-
Fig. 1. Schematic layout of KISS.
Fig. 3. (a) Stopping distribution of 202Os in argon gas with a pressure of 50 kPa. (b)
Schematic cross sectional view of the gas cell.
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grees and 70 mm, respectively. The expected mass resolving power
is 900 [12].
Each of the three decay measurement stations has its own tape
transport device for decay measurements under pulsed beams
from the separator. Plastic scintillator telescopes followed by ger-
manium gamma-ray detectors cover the implantation point in
the tape transport device (Fig. 1).
The gas-cell system (Fig. 2) includes an argon gas feeding line
with a gas-purification device (Monotorr Phase II 3000), a gas-
catcher cell, and a sextupole ion-guide (SPIG) [13]. To enable
extraction of isotopes as an ion-beam with sufficiently low emit-
tance and high efficiency, the gas-cell system employs differential
pumping to reduce the pressure in the vacuum chamber from
50 kPa to several 104 Pa. When the ions leave the gas cell, their
transit through the SPIG is supported by the gas jet, though the
gas jet may cause electrical discharge between the SPIG and an
extraction electrode and hence make it difficult to apply the neces-
sary acceleration voltage (e.g. 28 kV). Therefore, the vacuum cham-
ber of the gas-cell system is separated into three rooms for the
differential pumping. The first, second and third rooms are pumped
down by a 175 l/s screw pump, two 800 l/s turbo molecular pumps
(TMPs) and a 1500 l/s TMP, respectively. The three neighboring
rooms are connected by the SPIG with an aperture of 3 mm diam-
eter and 200 mm length. The conductance between two adjacentFig. 2. Schematic view of the gas-cell system. The boundaries of the first, second
and third rooms are indicated by the thick red, blue and black lines, respectively.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)rooms was calculated to be 0.15 l/s. The gas cell filled with argon
gas at a pressure of 50 kPa is placed in the first room. The conduc-
tance of the gas cell exit, which has an aperture of 1 mm diameter
and 0.5 mm length, was calculated to be 0.095 l/s. The second room
is important for differential pumping and ensures that the vacuum
conditions in the third room are sufficient for applying a high volt-
age to the first and second rooms (several 104 Pa). Typical pres-
sure values in the three rooms are P1 = 8.7 Pa, P2 = 0.9 Pa and
P3 = 3  104 Pa, for PG = 50 kPa [14].
Fig. 3(a) shows the calculated stopping distribution of 202Os in
argon gas with a pressure of 50 kPa. Here, the energies and emis-
sion angles of the 202Os nuclei were calculated by the GRAZING
code [4] and the stopping power was calculated by the SRIM2008
code [15]. The stopping distribution exhibits a wide spread. There-
fore, to obtain a high efficiency (90%), a large gas cell volume was
considered, as shown in Fig. 3(b). The gas cell has four slits to gen-
erate a rapid laminar flow of argon gas. Considering the stopping
distribution of 202Os, the transport efficiency is calculated to be
56%, where the remainder is lost at the wall due to diffusion. The
simulation method in the gas cell is described in Ref. [16]. In order
to increase the selectivity, the ion collector electrodes, which ab-
sorb unwanted ions, were introduced.
Plasma induced by primary beam irradiation into the gas cell is
believed to reduce the ionization efficiency and selectivity [8].
Based on the Leuven experimental result using a dual gas-cell
[11], two bends for shadowing the ionization region and ion collec-
tor electrodes were introduced to limit the loss in efficiency and in-
crease the selectivity. Considering the stopping distribution of
MNT products and the structure of the bends, the gas cell was de-
signed to achieve rapid and efficient transportation by laminar
flow. The extraction efficiency is estimated to be about 5% for
200W (Z = 74, N = 126) nuclei with a half-life time of 423 ms pre-
dicted by the KUTY mode [17]. 200W nuclei is located most far from
the stability line in the project.3. Off-line test
We have successfully extracted a stable nickel ion-beam, evap-
orated from a nickel filament placed in the gas cell and ionized
using the laser resonance ionization technique, in an off-line test.
The ionization scheme of 3d84s2 (J = 4)! 3d84s4p (J = 5)
(k1 = 232.074 nm in vacuum) ! auto ionization state
(k2 = 537.960 nm in vacuum), as reported in Ref. [6], was employed
in the present test. Using a nickel beam with an energy of 28 keV,
we optimized the RF and DC voltages of the SPIG for cooling and
Fig. 4. Laser pulse energy dependence as a function of (a) first step and (b) second
step laser intensities. Lines are provided as guides for the eyes. In (a), the laser
wavelength and pulse energy of the second step laser were fixed to be 423.784 nm
and 0.8 mJ/pulse. In (b), the laser wavelength and pulse energy of the first step laser
were fixed to be 248.402 nm and 25 lJ/pulse.
Fig. 5. Mass spectrum obtained using an iron filament with purified argon gas.
Fig. 6. Time profile of 56Fe ionized at the primary beam position.
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which is consistent with the design value [12] and is sufficient for
selecting only ions having mass numbers of interest.
The absolute extraction efficiency and selectivity of KISS can be
evaluated only by an on-line test to measure the beam intensities
implanted in and extracted from the gas cell. In addition, plasma in
the gas cell induced by the primary beam is reported to reduce the
ionization efficiency and selectivity [8]. In order to measure the
absolute extraction efficiency and selectivity under the plasma, it
is necessary to perform an on-line test and measure the efficiency
and selectivity as a function of the primary beam intensity.As preparation for the on-line test using 56Fe, we performed an
off-line test using an iron filament to determine an ionization
scheme for iron and to measure the mass distribution and trans-
port time-profile for argon gas flow in order to determine the basic
performance of the gas cell.
We searched for a more efficient ionization scheme for iron than
that reported in Ref. [16]. The ionization potential of an iron atom is
7.90 eV. 56Fe atomsvaporized froman ironfilamentplaced in thegas
cell were ionized by the laser resonance ionization technique and
were extracted as a beam. The beam currentwasmeasured by a Far-
aday cup. A new ionization scheme involving the transition 3d64s2
(J = 4)! 3d64s4p (J = 5) (k1 = 248.402 nm in vacuum)! auto ioniza-
tion state (k2 = 423.784 nm in vacuum) was identified as being
potentially more efficient. The saturation powers for the first and
second step lasers (k1; k2) were measured, as shown in Fig. 4. Only
20 lJ/pulse and 0.8 mJ/pulse for the first step and second step lasers,
respectively,were required for the saturation,whichwere a factor of
three lower than those for the ionization scheme in Ref. [16]. Here,
the laser spot sizes were 8–10 mm in diameter.
Using an iron filament, we measured the mass-distribution in
the region of A = 40–160 in the off-line test, as shown in Fig. 5. It
was found that the intensities of the iron isotopes with mass num-
bers of A = 54, 56, 57 and 58 were consistent with the natural
abundances of 5.8%, 91.8%, 2.1% and 0.28%, respectively. About
40% of the iron formed hydrates such as Fe (H2O)n (n = 1 and 2)
and FeAr (H2O). In order to reduce the formation of hydrates and
increase the extraction efficiency, it might be necessary to cool
the gas cell and argon gas down to 100 K to freeze water mole-
cules [18]. The design of a cryogenic gas cell is in progress.
Fig. 6 shows a time profile of 56Fe ionized at the primary beam
position. A single shot of the ionization lasers were delivered at
time t = 0 ms and the time profile was measured. The time profile
shows the extraction time profile from the gas cell. The solid (blue)
and dashed (red) lines are the measured and simulated time pro-
files of 56Fe, respectively. The simulated profile is in good agree-
ment with the measured profile. This allows us to estimate the
mean extraction time to be about 190 ms, which is shorter than
the expected lifetime (t1=2 = 423 ms) for 200W.
4. Summary
We constructed the KEK Isotope Separation System (KISS) at RI-
KEN to study the b-decay properties of neutron-rich isotopes with
neutron numbers around N = 126 for applications in astrophysics.
Using nickel and iron atoms evaporated from filaments, an off-line
performance test of the gas cell systemand theKISSwas successfully
performed.Weestablishedanewandefficient ionization scheme for
iron for use in on-line tests. The extraction efficiency and the selec-
tivity of KISS will be further investigated by on-line tests.
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